The interphases of various sized E-glass-®ber/epoxy-amine systems were tested at displacement rates in the range 230±2450 mm/s by a new experimental technique (dynamic micro-debonding technique). By this method, the rate-dependent interphase properties, apparent shear strength and absorbed energies due to debonding and frictional sliding, were quanti®ed. The systems include unsized, epoxy-amine compatible, and epoxy-amine incompatible glass ®bers. The high displacement rates that induce high-strain-rate interphase loading were obtained by using the rapid expansion capability of piezoelectric actuators (PZT). The results of dynamic micro-debonding experiments showed that the values of interphase strength and speci®c absorbed energies varied in a manner that is dependent on the sizing and exhibited signi®cant sensitivity to loading rates. The unsized ®bers exhibit greater frictional sliding energies that could provide better ballistic resistance, while the compatible sized ®bers show higher strength values that improve the structural integrity of the polymeric composites. In addition, signi®cantly higher amounts of energy are absorbed within the frictional sliding regime compared to debonding. By using the experimental data obtained, a case study was performed to reveal the importance of the interphase related micro damage modes on energy absorption (and therefore ballistic performance) of glass/ epoxy composite armor. #
Introduction
Composite materials are playing a key role in the development of lightweight integral armor for military vehicles such as tanks or armored personnel carriers. For future applications, revolutionary approaches are required to signi®cantly reduce (up to 50%) the mass of these systems and improve their mobility and transportability without sacri®cing survivability or maintainability. Recent advances in lightweight armor include the development of composite/ceramic integral armor systems as represented in Fig. 1 . The lightweight integral armor design includes multiple layers of glass ®ber reinforced-polymeric composite to meet the structural and ballistic requirements. Sized glass ®bers are being used with epoxy, vinyl-ester and polyester resin systems for these applications.
Interphases in composites form in the vicinity of ®ber surfaces and may exhibit signi®cantly dierent material characteristics than the bulk resin properties [1±6] . The properties of the interphase and degree of adhesion between the ®ber and matrix govern load transfer between the composite constituents. Also, the properties of the interphase are critical to global composite performance such as strength, toughness, durability and impact/ballistic resistance [6±14] . An optimum balance of structural, ballistic/impact and durability performance from the composite armor can be achieved by tailoring the ®ber/matrix interphase.
In addition to the composite performance, it has been recognized in recent years that the properties of the interphase may aect the energy absorption in the composites used for lightweight armor applications. The mechanisms through which energy is absorbed during dynamic loading are critical to the ballistic or impact resistance of ®ber-reinforced composites. The damage mechanisms include interphase-related micro-mechanisms as well as macro-mechanisms. It has been shown in the literature that micro-mechanisms such as ®ber/ matrix debonding or frictional ®ber sliding are more important energy-absorbing mechanisms than macromechanisms such as delamination or matrix cracking under certain conditions [15±17] . The relative contribution of each energy-absorbing mechanism depends on the properties of the constituents (®ber, matrix and interface/interphase) as well as the mode and rate of loading [15, 18] . It is necessary to know the strain rate dependent behavior of the composite constituents (®ber, matrix and interphase) to gain insight into the design of new materials that undergo loading (e.g. impact, ballistic and explosive). Techniques to directly characterize the mechanical properties of the interphase exist but have been limited to quasi-static loading.
Recently, a new experimental technique (dynamic micro-debonding technique) was developed to directly characterize the ®ber/matrix interphase properties under various loading rates [19] . For this technique, a new apparatus called the dynamic interphase-loading apparatus (DILA) was designed utilizing the fast expansion capability of piezoelectric actuators. This method enables one to quantify the interphase strength and the energy absorption due to debonding and frictional sliding over a wide range of loading rate. The loading rate achieved using DILA is about three orders of magnitude (up to about 3000 mm/s) faster than the rates reported in the literature using traditional methods.
Several researchers [6±8] studied various glass ®ber sizings to understand their eects on the interphase formation and composite mechanical behavior. These studies revealed that ®ber sizings play a major role in the strength, impact/ballistic and environmental durability of glass-®ber reinforced composites. Sizings coated on glass ®bers consist of mixtures of ®lm formers, surfactants, silane coupling agents and other processing aids.
The sizing mixture is applied from an aqueous emulsion during the manufacture of glass ®bers. During the drying process of glass ®ber sizings, a siloxane layer forms on the ®ber surface due to the condensation and crosslinking reactions of the silane coupling agent. The siloxane is chemically bonded to the surface and strengthens the bond between the inorganic glass and organic resin phase. It has been shown that the extractable portion of the sizing dissolves into the resin during the curing process [6, 19] . On the other hand, a portion of the sizing remains bound to the surface that aects the chemistry and properties of the interphase [19] . The weight fraction and the chemical composition of the bound sizing layer on epoxy-amine compatible and epoxy-amine incompatible glass ®bers have been identi®ed previously [19, 20] . Furthermore, a new methodology was developed to indirectly evaluate the properties of the interphase that may form by the presence of bound (chemically or physically attached) glass ®ber sizings. Model interphase compounds were made to replicate the composition and network structure of the actual interphase [19, 20] . The investigation of the ratedependent behavior of model interphase materials using dynamic mechanical analysis (DMA) showed that the values of storage modulus increase with the loading rate [20] .
The aim of the present work is to investigate the eects of various glass ®ber sizings and the loading rate on the mechanical response of the glass/epoxy interphase using the dynamic micro-debonding technique. The glass ®bers examined include unsized, epoxy-amine compatible and epoxy-amine incompatible sized ®bers. The test technique and the data reduction scheme used to quantify the strength and speci®c absorbed energies due to debonding and frictional sliding are summarized. Test results obtained using DILA from the interphase of composite made from these sized ®bers and epoxyamine resin are presented. Finally, a case study is presented on a typical glass/epoxy composite subjected to ballistic impact to determine the signi®cance of the interphase-related micro damage modes in absorbing the impact energy.
Experimental

Materials and specimen preparation
E-glass ®ber Ð unsized (159A), epoxy-amine compatible sized (159E), and epoxy-amine incompatible sized (159I) custom made for this work by Owens Corning Corporation Ð were used in this investigation. The sizing mixture for the sized ®bers contains three components: epoxy ®lm former, surfactant, and silane coupling agent. The ®lm former was diglycidyl ether of bisphenol-A (DGEBA) with the average molecular weight of 515 g/mol. The surfactant was a triblock ethylene oxide and propylene oxide copolymer. The silane coupling agent was glycidoxy propyl trimethoxy silane and methacryloxy propyl trimethoxy silane for epoxy-amine compatible (159E) and epoxy-amine incompatible (159I) ®bers, respectively. The sizing components and their weight percentage are shown in Table 1 . The compatibility and incompatibility of the sizing is often de®ned based on the reactivity of the coupling agent with the resin system used. Namely, 159E sizing is compatible with epoxy-amine resin due to the epoxide group on the organic tail of the silane coupling agent that can react with amine in the matrix resin. Comparison of compatible versus incompatible sizing allows us to isolate the eect of chemical bonding between the interphase and the matrix on the interphase strength and energy absorption. In addition, the study of unsized ®ber provides insight into the eect of sizing and the chemical bonding on interphase properties.
The matrix material was an epoxy/amine system comprised of DGEBA (Shell Epon-828), and a bis (pamino cyclohexyl) methane (Air Products, Amicure PACM-20). The average molecular weight of Epon-828 is 370 g/mol. Epon-828 and PACM-20 were mixed in a 100/28 parts-by-weight stoichiometric ratio for all samples made in this study. The mechanical properties of the epoxy-amine matrix and the glass ®bers are listed in Table 2 .
Test specimens were prepared by placing a bundle of glass ®bers in silicone rubber and pouring degassed epoxy/amine resin mixture over the ®bers. The specimens were cured at 80 C for 2 h and post-cured at 150 C for another 2 h. Following post-cure, the specimens were sectioned perpendicular to the ®ber direction using a diamond blade. The sectioned specimens were then ground and polished to a 0.1-mm ®nish using a variety (6, 3, 1 and 0.1-mm) of diamond pastes. The polishing process was continued until the specimen thickness (h) was reduced to approximately 100 mm. The polished specimens were inspected using optical microscopy to screen samples that were damaged during the polishing process. The ®ber diameter was measured using optical microscopy, and the specimen thickness was measured using a micrometer.
Experimental techniques
In this work, the dynamic micro-debonding technique was used to directly characterize the ®ber/matrix interphase properties under various loading rates. Table 3 summarizes the characteristics of the dynamic microdebonding technique. A schematic of the test con®g-uration is shown in Fig. 2 . More detailed information about the technique was reported elsewhere [19, 21] . In summary, a thin sample of thickness h is mounted on a steel annulus with radius r a . A diamond tip that is attached to a piezo stack is used as a probe to load the ®ber and, therefore, the interphase region. While the interphase is loaded, the force and displacement responses are monitored continuously. The displacement of the piezo is measured from the displacement sensor (sensitivity in nanometer) attached on the piezo stack. The force response of the specimen is monitored using a piezo load cell that has high frequency capacity with 0.05 N sensitivity.
During the test, once the contact is made between the diamond tip and one ®ber end, the piezo is triggered to . For accurate interphase property calculations, various sources of compliance must be quanti®ed to isolate the ®ber displacement. The actual displacement of the ®ber f can be determined by subtracting the indentation displacement on the ®ber surface i and apparatus (i.e. machine compliance) displacement from the displacement of the piezo actuator as follows [19] :
For rigid ®bers such as glass (e.g. E-glass ®ber, Young's modulus of 72 GPa), it is considered that f is the displacement of the entire ®ber instead of the displacement of the top surface of the ®ber. The amount of displacement due to indentation i and apparatus deformation was measured independently as a function of applied force [19, 21] . For this purpose, DILA was used to perform a micro-indentation experiment on a bulk E-glass sample. Atomic force microscopy (AFM) was used to quantify the amount of residual indentation deformation on the glass samples. The values of i and as a function of applied force were curve ®tted, and the obtained values were subtracted from the displacement of the piezo actuator at each force level. It was assumed that the eect of the strain rate on the amount of indentation displacement is negligible. Based on these micro-indentation experiment results, the displacement of the ®ber f was determined based on Eq. (2) at a given applied force (F). Fig. 3 is an example showing the piezo displacement, indentation and machine displacement and the corrected ®ber displacement as a function of force (F).
The axial displacement of the ®ber causes shear deformation of the interphase region. The amount of interphase deformation depends on the relative axial displacement of the ®ber and matrix adjacent to the interphase material. Once it fails, further displacement results in frictional sliding of the ®ber within the matrix.
In the dynamic micro-debonding technique, thin specimens (typically 100 mm thick) were used. Numerical results of Kallas et al. [22] showed that the magnitude of bending stresses at the specimen surface depends on the ratio of sample thickness to annulus diameter in thin samples. These bending stresses may alter the mode of interfacial failure. Therefore, a sensitivity study was conducted to experimentally quantify the eects of specimen geometry on the shear strength [19] . Our experiments showed that the shear strength is independent of the specimen geometry for har `2 X8. For har `2 X8, the apparent strength increases signi®cantly. This increase may be due to a complex interaction between¯exural and shear deformations as noted by Kallas et al. [22] . Samples tested had an har ratio of approximately 4 to ensure that the experimentally measured shear strength is independent of specimen geometry. Moreover, thin samples enable actual debonding length to be measured accurately, since complete ®ber/ matrix debonding occurs. The strength and frictional measurements can be done using the measured debonding length. This greatly simpli®es data reduction as discussed in the following section, since numerical methods are not required as in the method of Mandell et al. [23] .
Data reduction scheme
The ®ber displacement f is imposed by the piezo, and the dynamic reaction force F T is measured independently through the load cell. Using the corrected ®ber displacement vs. force response from the test, the following interphase properties are calculated: the average shear strength, the speci®c absorbed energies due to debonding and frictional sliding.
The average shear stress can be obtained from Eq. (2), where F t is the force applied to the end of the ®ber and the area calculated at the radial distance, (r), within the interphase region:
where h is the thickness of the sample (length of the ®ber). In this work, the shear strength is de®ned using Eq. (2) and the load measured at the debonding threshold (typically the maximum load). It has been con®rmed by incremental loading of the interphase using DILA in conjunction with AFM section analysis of the specimen that the maximum load F u corresponds to complete debonding [19] . The strength is calculated at the ®ber surface based on Eq. (3). ( mx
It is assumed that inertia eects are negligible which is reasonable since the test is conducted in the millisecond regime. The total speci®c absorbed energy E within the interphase during loading can be measured. The speci®c absorbed energy is de®ned as the amount of energy absorbed per unit area of loaded interphase (A). E was obtained based on force (F) vs. ®ber displacement f graphs using the relationship given by Eqs. (4) and (5).
where fYde and fYu are the displacement where debonding is complete and ultimate displacement measured, respectively. The terms A de and A fri are the area of loaded interphase/interface during debonding and frictional sliding stages, respectively. Since the interfacial area during the ®ber sliding process becomes smaller as the ®ber is pushed out from the matrix, the reduced value of the A fri is taken into account as a function of the displacement as shown in Eq. (5b). The energy absorbed due to each mechanism, i.e. debonding E Yde À Á and frictional sliding E Yfri À Á , during the loading of the interphase can be calculated from Eqs (4) and (5). This enables one to isolate energy absorbed due to debonding as well as frictional sliding as a function of loading rate.
Test procedure
The polished specimens were ®rst mounted on an annulus with a 25-mm hole radius r
. The selected ®bers were tested using a 60 conical tip that has an 8-mm tip radius. Piezo input signals corresponding to various displacement rates were selected and programmed into the piezo control system. To initiate a test, the selected ®ber was positioned under the tip, and the loading parameters were sent to the piezo control. After triggering the system, three signals (displacement, load cell and input signals) were acquired and recorded as a function of time by the data acquisition system. After the test was complete, the specimens were inspected under optical and scanning electron microscopes to con®rm the failure mode and the location of loading. The shear strength and absorbed energies due to ®ber/ matrix debonding and frictional sliding were calculated according to the data reduction procedures described earlier. , indentation displacement i and deformation of the apparatus , and the piezo displacement p À Á as a function of force (F). The two main energy absorbing regions corresponding to debonding and frictional sliding are also shown.
Results and discussion
The interphase of model composites made with epoxy-amine resin and various sized glass ®ber systems listed in Table 1 were tested at displacement rates X f in the range of about 238 to 2410 m/s using DILA.
Force vs. displacement response
Figs. 4±6 show typical examples of force (F) vs. displacement f graphs obtained from the interphases of composites made with the Epon-828/PACM-20 resin and 159A (unsized), 159E (epoxy-amine compatible sized), and 159I (epoxy-amine incompatible sized) ®bers, respectively, under various displacement rates. All of the ®ber displacement values in these ®gures are compliance corrected displacement values. As seen in Figs. 4±6, all of these force vs. displacement curves exhibit several distinct regions. Initially, the force increases almost linearly with the displacement. In this initial part, it is expected that there is full bonding between the composite constituents, and the response of the sample is elastic. It is apparent from these ®gures that at some displacement values the F vs. f response shows non-linearity. However, there is smooth transition from linear response to non-linear response, instead of a sharp transition or formation of an early load drop. The non-linear region extends until a maximum is reached where complete ®ber/matrix debonding occurs. Once complete debonding occurs, the force drops suddenly, as seen in Figs. 4±6. At this point, further displacement of the ®ber results in only frictional sliding of the totally debonded ®ber within the matrix. As seen from Figs. 4±6, the initial slopes Fa of the force vs. displacement curves and the maximum load levels are found to be sensitive to the loading rate and the type of ®ber sizing. The measured Fa f response at the initial stage may be related to the shear stress/strain response of the interphase (modulus of the interphase, G i ) and it is a subject of ongoing research. In general, the initial slopes of the Fa f increased with the displacement rate indicating that G i is rate sensitive. Furthermore, a less steep Fa f response was observed from the samples made with epoxy-amine compatible 159E and epoxyamine incompatible 159I sizings compared to the unsized 159A ®ber system. This indicates the formation of a more compliant interphase due to the glass ®ber sizings and agrees with model studies [19, 20] . Moreover, the samples made with epoxy-amine compatible 159E and epoxy-amine incompatible 159I sized ®bers showed higher rate sensitivity compared to the unsized 159A ®ber system.
The non-linearity of the F vs. f response can be associated with nonlinear constitutive behavior, progressive debonding of the ®ber/matrix interphase or both mechanisms. As revealed by Kallas et al. [22] and Bechel and Sottos [24, 25] , thin specimens exhibit signi®cantly high tensile radial stresses at the bottom of the micro-debonding specimen. The¯exural bending of the specimen and/or the residual thermal stresses may be responsible for these radial stresses [22, 25] . These high tensile radial stresses may cause initiation of debonding Fig. 4 . Force vs. displacement graphs for 159A (water sized) E-glass-®ber/epoxy-amine interphase tested using DILA. near the bottom surface at force levels much lower than the complete debonding force level. Once the failure initiates at the bottom, progressive debonding may occur from the bottom to the top surface. Bechel and Sottos [24] investigated the initiation and growth of the interface debonding and measured the debonding length based on the observations of the photoelastic fringe pattern development within the matrix during the pushout test. For this purpose, ®ber pushout experiments on several model composites were performed in a polariscope. The result of their experiment revealed that the ®ber/matrix interface may fail through progressive Fig. 5 . Force vs. displacement graphs for 159E (epoxy-amine compatible sized) E-glass-®ber/epoxy-amine interphase tested using DILA. Fig. 6 . Force vs. displacement graphs for 159I (epoxy-amine incompatible sized) E-glass-®ber/epoxy-amine interphase tested using DILA.
debonding instead of instantaneous debonding at the maximum force level. It was also shown that the composites with a ®ber-matrix modulus ratio E i aE m of greater than 4 will debond from the bottom towards the top of the specimen. Since the EaE m is about 30 for the composite system tested in the present study, it may be expected that debonding initiates from the bottom of the samples tested here. The in¯uence of non-linear shear behavior of the interphase on the F vs. f response measured during microdebonding has not been investigated and warrants further study.
Apparent average shear strength
The apparent average shear strength values for various sized E-glass/epoxy-amine interphases were calculated using Eq. (3) for complete debonding to enable comparison with other results reported in the literature [7, 23, 26] . Results are presented in Fig. 7 as a function of displacement rate (at least ®ve samples were tested for each point). The coecient of variation shown on Fig. 7 (4.6±10.4%) is in the same range as values reported in the literature obtained from similar materials systems using quasi-static microdebonding method (as an example, 6.4±10.5% by Mandel et al. [23] and 5.5±6.8% by Drown et al. [7] ). The scattering of the data could be related to possible micro-damage that develops during the polishing steps as well as the sensitivity of the calculated values to the ®ber diameter and the specimen thickness measurements. Since thin samples (about 100 mm) are required, extensive polishing can induce micro damage within the specimen that may not be visible under the microscope. As revealed by Bechel and Sottos [25] , initial interface debonding forms during the specimen preparation stages. It was considered that the tensile/shear stresses that develop during the cutting/polishing and the residual radial tension at the free edge contribute to initial debonding near the specimen ends.
As seen from Fig. 7 , it appears that there is a linear correlation between the shear strength and the loading rates studied in this work. The average shear strength values were found to increase by about 43, 35 and 27% for unsized 159A, compatible sized 159E, and incompatible sized 159I ®bers, respectively, for displacement rates in the range of about 230±2450 mm/s. A linear ®t of the data enables the apparent quasi-static shear strengths of 37, 43 and 35 MPa for 159A, 159E, and 159I ®ber systems, respectively, to be estimated. Our results are in good agreement with quasi-static data reported for similar systems that also used Eq. 3 for data reduction [26] . Determination of the interphase strength values allows for better understanding of the eects of sizing on the interphase mechanical response and the ®ber/matrix adhesion. The highest strength is obtained from the compatible sized ®ber (159E) and stems from the chemical bonding between the epoxy group of glycidoxy silane and the amine-curing agent of the matrix resin. The lower strength values exhibited by the incompatible sized ®ber (159I) are due to the lack of chemical bonding between the methacryloxy silane and the matrix resin. The interphase shear strength values for the unsized (159A) ®bers are lower than those of compatible sized (159E) but higher than those of incompatible sized (159I) ®bers. This behavior is most probably due to some speci®c physical interactions such as polar and hydrogen bonding between the hydroxyl group of the glass ®bers and the hydrogen atoms of the epoxy and/or amine of the matrix.
Speci®c absorbed energies due to debonding and frictional sliding
Understanding the mechanisms contributing to energy absorption is a key to tailoring the interphase to obtain the desired ballistic performance from the composite. The speci®c absorbed energy E within the interphase due to debonding and frictional sliding was measured using DILA based on Eqs. (4) and (5) . Note that energies are calculated from the area under the force vs. displacement graphs and normalized by the shear area de®ned by Eq. (5). Fig. 3 is a typical example of the force vs. displacement graph showing the two main regions corresponding to debonding and frictional sliding energies.
In the ®rst region, the energy is absorbed due to interphase debonding processes. As discussed earlier, debonding may initiate and grow progressively prior to complete debonding at the maximum force level. Consequently, the debonding energy may have a contribution from frictional sliding from the partially debonded portion of the ®ber. For simplicity, no attempt is made to separate out the relative contribution in the ®rst region (i.e. E Yde ).
In the second region, the main energy-absorbing mechanism is frictional sliding between the completely debonded surfaces. The frictional force was de®ned as the secondary plateau, which is rate dependent as shown in Figs. 4±6. The energy absorbed due to frictional forces is a continuous function of displacement and strongly aected by displacement rate. Test results show that the speci®c energy absorbed due to frictional sliding is signi®cantly higher than the energy absorbed due to debonding.
The average speci®c absorbed energies due to ®ber/ matrix debonding and frictional sliding as a function of displacement rate for various sized glass-®ber/epoxyamine interphases are plotted in Figs. 8 and 9 , respectively. As seen from these ®gures the ®ber/matrix frictional sliding energies (0.8 to 2.8 kJ/m 2 in the range of 238± 2410 mm/s) were signi®cantly higher than the debonding energies (0.027±0.064 kJ/m 2 in the range of 312±2285 mm/s) for both unsized and sized systems. The epoxyamine compatible sized ®ber (159E) system showed the highest debonding energy (0.049 kJ/m 2 at 238 mm/s) while the unsized 159A ®bers exhibited the lowest (0.027 kJ/m 2 at 312 mm/s). The higher debonding energy of the compatible sizing was attributed to superior interphase adhesion. Moreover, the sized systems failed at displacement values larger than the unsized system, resulting in higher debonding energy. The debonding energies were also found to be sensitive to the loading rate as seen in Fig. 8 . These energies increased almost linearly as the displacement rate increased (38, 23 and 30% increase for 159A, 159E and 159I ®ber systems, respectively, in the measured range of displacement rates).
In contrast to the debonding energy, the unsized (159A) system showed higher frictional energy absorption than the sized 159E and 159I ®bers, especially at high loading rates. The frictional energy values were also found to be extremely sensitive to the loading rate. In general, for all ®ber systems, the frictional energy increased as the loading rate increased. The sized 159E and 159I ®ber systems showed almost equal increases as a function of displacement rate. The frictional energies increased about 50% in the range of 230±2450 mm/s displacement rates for sized 159E and 159I systems. However, this increase for the unsized 159A system was more signi®cant, with a 350% increase in frictional energy over a similar range of displacement rates. The higher frictional energy E Yfri À Á and the higher frictional sliding stress of composite specimens made with unsized 159A ®bers was attributed to the higher coecient of friction between the debonded surfaces in this system.
Once the ®ber is debonded from the matrix, the applied shear stresses at the debonded surfaces have to overcome the frictional sliding stresses in order for the ®ber sliding to proceed. The frictional sliding stress ( f is the product of the coecient of the friction " and the radial compressive stresses, i.e. the radial clamping stress ' and the stress due to the Poisson's expansion of the ®ber ' p À Á as shown in Eq. (6) [27±29].
The properties of the interphase may aect the value of ". As mentioned earlier, a siloxane layer forms on sized ®ber surfaces from the silane coupling agent that is chemically bound to inorganic glass. The presence of the sizings applied to the ®ber may reduce the roughness of the ®ber surface by ®lling the micro-cavities (¯aws) on the surface with sizing components. Therefore, for sized systems, the debonded ®ber surface may have lower " and, therefore, lower frictional sliding energies. This hypothesis is supported by research reported in the literature. Based on the data from Zinck et al. [30] , the size of the surface defects on an unsized E-glass ®ber (18.1 mm diameter) is in the range of 0.5±0.05 mm. The size of the defects is reduced to below 0.1 mm by treating the glass ®ber surface with a silane coupling agent (A1100, gaminopropyltriethoxysilane) or a commercial sizing (including A1100 silane, epoxy ®lm former, lubricant, etc.). It was also shown by Zinck et al. [30] that these surface treatments and, therefore, the formation of the siloxane layer ®ll the¯aws or cracks on the surface. Therefore, these layers may reduce the completely debonded ®ber/matrix surface roughness. As shown by Kerans et al. [31] translation of initially mating rough interfaces results in a radial displacement between the Fig. 9 . Energy absorbed within the interphase due to ®ber/matrix frictional sliding as a function of displacement rate for various sized E-glass-®ber/ epoxy-amine interphases.
®ber and the matrix surface and therefore a radial compressive stress at the interphase. The magnitude of these radial stresses is related to the amplitude of the surface roughness. Since it is expected that application of the sizing reduces the amplitude of the surface roughness, lower roughness induced radial stress and therefore the lower frictional sliding energies can be expected from the sized systems.
The radial clamping stress, which also aects the frictional stresses, may arise from the dierence of thermal expansion coecient of the ®ber, the matrix and the interphase as well as from shrinkage of the matrix during cure [27±29] . Therefore, it is reasonable to expect that the properties (stiness, thickness, etc.) of the interphase formed in various sized composite systems aect the clamping stress and therefore the frictional energies of the system. The eects of the interphase properties on radial thermal residual stresses were predicted based on the stress analysis developed by Skourlis [32] , including thermal stresses in a radial direction at the interphase region (the ®ber, the matrix and the interphase are structured as three concentric cylinders). However, our predictions using his model showed [19] that the change of the interphase properties does not signi®cantly aect the magnitude of residual stresses for the composite system studied in this work (i.e. about 3% decrease of radial compressive stresses at the interphase by lowering the interphase stiness by a fraction of 50). Consequently, this does not appear to be a signi®cant mechanism for energy absorption during frictional sliding in these systems.
Deformation modes of micro-debonding specimen
The specimens tested with DILA were inspected under scanning electron microscope (SEM) to identify the modes of deformation and the micro-debonding processes. Fig. 10 shows an SEM image obtained from the top surface of the unsized 159A glass/epoxy-amine system tested using DILA. As seen in this ®gure, the debonded ®ber was pushed out from the surrounding matrix. The cavity region at the center of the ®ber surface is the indentation cavity formed due to the indenter tip/®ber contact. Fig. 11 also shows the back surface of DILA-tested samples made with unsized 159A ®ber. As seen from these SEM micrographs, the ®ber protrudes from the plane of the back surface. The bottom edges of the protruded ®bers fractured during the microdebonding processes. This is possibly due to the existence of microcracks that formed near the ®ber surface during the polishing stages due to the dierences in hardness of the glass and epoxy. The smooth surface of the protruded ®bers seems to indicate the interfacial detachment of the interphase and the ®ber surface. This type of failure mode is reasonable to expect because the shear stress values are the highest near the ®ber surface, and their magnitude decays toward the matrix region. However, these observations of the protruded ®ber surface are insucient to de®nitely conclude whether the failure mode is an interfacial detachment or cohesive failure within the interphase. The expected interphase thickness from the composite systems tested in this study is about 10 nm [19] . A cohesive failure of the interphase may not be distinguishable under these magni®cations. Techniques to measure surface characteristics directly on the ®ber need to be developed and are the subject of future work.
Tailoring the interphase zone can optimize the strength and energy absorbing capability of impact/ballistic-resistant composite materials (such as armor) [33± 36]. In the literature, there is no general consensus on which mechanisms absorb the most energy. There are a large number of variables involved in the energy absorption process, and quantitative data are rather limited. In the next section, we have estimated the signi®cance of the interphase related damage mechanism on the energy absorption in composite armor by using experimental data obtained in this work.
Energy absorption in composite armor subjected to ballistic impact: a case study
A case study based on a typical glass/epoxy composite subjected to ballistic impact was performed to determine the signi®cance of the interphase-related micro damage modes in absorbing the impact energy. DILA measured speci®c energy values reported in this paper were used as input in this case study. In summary, ballistic test results were conducted on a 7-psf S2-glass/SC-4 epoxy armor panel manufactured using the Vacuum Assisted Resin Transfer Molding (VARTM) technique [37] . The S2 glass ®bers were supplied from Owens Corning Corporation with an epoxy-amine compatible sizing (OCF 463). The velocity V p À Á and the mass m p of the projectile (50 cal FSP) used for impact were 472 mps and 40 g, respectively. The incident kinetic energy of the projectile E k was calculated as follows:
A conical damage zone was observed within the armor panel due to the impact. Fig. 12 illustrates the damage zones and the damage modes considered in this case study. The kinetic energy of the projectile can be absorbed by numerous mechanisms including projectile deformation and fracture and macro/micro-mechanical damage in the composite armor. Microscopic observations of the projectile did not reveal any plastic deformation so it is assumed to be a negligible source of energy absorption. Macro damage considered in this case study focuses on delamination. A sequence of micromechanical damage may occur during stress wave propagation under an impact event or during quasi-static loading [38] . Fig. 13 illustrates the damage sequence where a ®ber fails in tension, debonds and pulls out. The debonding of the ®ber/matrix interface may initiate due to stress concentration at the free ends of the broken ®ber and progress due to the shear and tensile forces at the interface. Once debonding is complete, pull-out of the ®ber from the matrix may occur under further loading. The pull-out process is associated with frictional sliding because contact is maintained between the fully debonded ®ber and the surrounding matrix. In this case study, energy absorbed due to the micromechanical damages Ð fragmentation of the ®bers E fr , debonding of the ®ber/matrix interphase E de , and ®ber frictional sliding E fri Ð was taken into consideration as shown in Eq. (8) .
The energy absorbed due to delamination E del was calculated using delamination toughness G Ydel À Á and the total delamination area A tot del À Á measured using the ultrasonic c-scan technique.
where n is the number of plies and A del is the delamination area in each ply. The energies E de and E fri were calculated from Eqs. (11)±(15). The speci®c absorbed energies due to debonding E Yde À Á and frictional sliding E Yfri À Á were obtained from DILA experiments.
where V dmge is the volume of material within the conical damage zone measured using ultrasonic. The term V f is the ®ber volume fraction of the composite panel and V fYinv is the fraction of ®bers involved that absorb energy by debonding and frictional sliding (the value of V fYinv can not be practically quanti®ed; however, all of the calculated energy is plotted as a function of V fYinv in this study ). Also, A de and A fri are the interfacial areas loaded during debonding and frictional sliding, respectively. The terms l m and N frgment are the mean ®ber fragmentation length and number of ®ber fragments. For frictional sliding, it was assumed that the ®bers that are involved in the energy-absorbing process slide as much as half of the l m . This is a reasonable assumption if it is considered that a large amount of de¯ection occurs during the impact. Moreover, considerable ®ber pullout was observed in the impacted panel under the microscope. This may indicate a large amount of frictional sliding distance. The number of ®ber fragments N frgment was calculated based on Eq. (14) from the l m of the glass/epoxy system. The value of l m was measured using the bimatrix ®ber fragmentation technique [19] . The ®ber fracture energy E fr was calculated mainly from the ®ber fracture surface energy f and the mean ®ber fragmentation length as shown in Eq. (15) . It was assumed that the ®bers that are involved in damage in the damage zone were transversely fractured in the length of l m .
In the present case study, the energy absorbed due to considered damage mechanisms relative to the kinetic energy of a projectile was calculated based on the inputs summarized in Table 4 . Fig. 13 illustrates the total absorbed energy E (due to micro damage modes: ®ber fracture, ®ber/matrix debonding and ®ber fracture) normalized by the projectile kinetic energy E k with respect to the percentage of the ®bers involved in the damage zone for compatible sized and sized ®bers at various loading rates. For the case examined, the results showed that the interphase-related micro damage modes may absorb a signi®cant fraction of the impact energy even if a relatively small portion (2±5%) of the ®bers in the damage zone are damaged in the sequence proposed. Furthermore, the percentage of the ®bers required to absorb a certain amount of energy becomes smaller at high loading rates. Fig. 14 shows the energy absorbed due to microscopic damage mechanisms and the delamination relative to the kinetic energy of a projectile as a function of displacement rate for the case of 2% ®ber involvement. Since epoxy-amine compatible sized ®bers were used in the composite panel examined, it is expected that DILA measured energy values from epoxy-amine compatible sized ®ber (159E) systems are most representative for this case study. In order to estimate the eects of the glass ®ber sizings on the energy absorbing capability of the ®ber/matrix interphase, the energies absorbed within the unsized (159A) and incompatible sized (159I) systems are also plotted in Fig. 14. The ®ber fracture and delamination energies were assumed insensitive to loading rate. As seen from Fig. 13 . Total absorbed energy absorbed in ®ber/matrix debonding, frictional sliding and ®ber fracture normalized by the projectile kinetic energy as a function of% ®ber involved to damage in the damage zone. E aE k is shown for unsized 159A ®bers and epoxy-amine compatible sized 159E ®bers at various loading rates.
Fig. 14, the energy absorbed due to the ®ber fracture is negligible. The debonding energies for all the cases are lower than the delamination and frictional sliding. The results revealed that the frictional sliding mechanism would absorb a signi®cantly greater fraction of the energy than debonding, ®ber fracture and delamination. Compared to compatible sized 159E and incompatible sized 159I ®ber systems, the glass/epoxy composite that was made with unsized 159A system may exhibit greater energy-absorbing capability due to the frictional sliding. Moreover, this energy is more sensitive to loading rate compared to that of sized ®bers. The results also indicate that the glass ®ber sizing may signi®cantly aect the relative contribution of each energy-absorbing mechanism. Fig. 15 compares the absorbed frictional energy to the strength of unsized 159A and compatible sized 159E systems as a function of displacement rate. As illustrated in this ®gure an interphase that has lower strength can better contribute to the energy absorption and improve the ballistic performance of a composite armor while an interphase that has higher strength is needed to improve the structural integrity of the composite armor. These results indicate that if micro mechanisms can be triggered during impact loading in the correct sequence, a signi®cant portion of the projectile energy can be absorbed. Therefore, the interphase can be tailored to obtain an Fig. 14. Absorbed energy due to macro and micro damage modes relative to kinetic energy of the projectile as a function of ®ber displacement rate for unsized 159A, compatible sized 159E and incompatible sized 159I ®ber systems. E mehnism refers to energy absorbed due to each mechanism shown on the plot.
optimal balance of energy-absorption and structural performance from the composite.
Conclusions
Interphases of various sized E-glass/epoxy-amine systems were tested at displacement rates in the range of 230 to 2450 mm/s using the unique capability of DILA. Interphases that formed due to the presence of various sizings showed signi®cantly dierent mechanical response. Test results also showed that there is a linear correlation between the interphase shear strength and the loading rate for the range of loading rates studied. In correlating the eects of the ®ber sizings on the interphase strength, compatible sizing on the glass ®ber increases chemical bonding and adhesion between the inorganic glass and the organic resin phases and strengthens the interphase. The shear strength values increase by about 43, 35 and 27% for composite systems made with unsized 159A, compatible sized 159E, and incompatible sized 159I ®bers, respectively, over the wide range of displacement rates studied. It was found that a signi®cantly higher amount of energy could be absorbed within the frictional sliding mechanism compared to the debonding mechanism. Moreover, the absorbed energy due to frictional sliding was higher for the interphase that formed in the presence of the unsized 159A ®bers. This was attributed to the higher frictional stresses that were developed due to the higher ®ber surface roughness. The ability of the interphase to absorb energy was also found to increase with increasing loading rate. The frictional energy increased by about 50% in the case of the model composite systems made with compatible sized 159E and incompatible sized 159I ®bers, and by 350% in the case of unsized 159A ®bers over the range of displacement rates studied. In summary, these results showed that the energy absorbing capability and the shear strength of the ®ber/matrix interphase is aected by the properties of the interphase and the loading rate. The case study performed on S2-glass/SC-4 epoxy system showed that interphase related micro damage modes can absorb a signi®cant amount of the impact energy even if a small percentage (2±5%) of the ®bers is involved within the damage zone. The frictional sliding can be a signi®cant contributor to energy absorption if this mechanism can be triggered under impact conditions. In summary, an interphase that has lower strength may better contribute to energy absorption, while an interphase with higher strength is needed for structural integrity and environmental durability. Therefore, optimum ballistic and structural performance from the composite can be obtained by tailoring the interphase. 
